ABSTRACT The abundance and distribution of insect herbivores is determined by, among other things, plant quality and natural enemies. These two factors vary temporally and spatially, subsequently affecting seasonal population dynamics. The relative inßuence of plant quality and natural enemies on the seasonal dynamics of Bemisia tabaci (Gennadius) was investigated in a 3-yr Þeld study in cotton. Plant quality was manipulated through varying irrigation regimes: irrigations done at 20, 40, and 60% soil water depletions; and natural enemy densities were manipulated using broad spectrum insecticide applications that reduced their densities compared with unsprayed controls. In each year, densities of B. tabaci eggs, large nymphs and adults were consistently higher when natural enemy densities were reduced compared with when they were left unaltered, regardless of irrigation regime. In contrast, effects of plant quality on densities of all whiteßy stages were weak and inconsistent. In addition, natural enemy densities and predator:prey ratios also were not generally affected by plant quality. Interactions between natural enemies and plant quality on whiteßy dynamics were rare. In general, whiteßy densities were elevated two-thirds of the time and increased two-to sixfold when natural enemy densities were reduced compared with plant quality effects which inßuenced whiteßy densities about one-third of the time and were expressed inconsistently over the years. This indicates that natural enemies exert a comparatively greater inßuence on seasonal dynamics of B. tabaci in cotton than plant quality, as manipulated by differential irrigation.
Plant quality, natural enemies and their interaction are known to affect the abundance, distribution, survival and movement of insect herbivores (Hairston et al. 1960 , White 1984 , Hunter and Price 1992 , Underwood and Rausher 2000 , Johnson 2008 ). Plant quality effects may be manifested through changes in morphology, nutrients, or host availability, and two general hypotheses have been posed to explain the effects of plant quality on the abundance and performance of insects. The plant stress hypothesis (White 1969 (White , 1974 (White , 1984 states that insect herbivore abundance will be higher on stressed host plants because of higher amounts of free unbound amino acids, reduced plant allocation to chemical defenses and changes in the ratio of nutrients to chemical defenses. In their meta-analysis Huberty and Denno (2004) modiÞed this hypothesis and proposed the pulsed stress hypothesis in which phloem feeders experiencing pulsed or intermittent water stress performed better because of increased availability of nitrogen coupled with a frequent recovery of cell turgor. Alternatively, the plant vigor hypothesis (Price 1991) predicts that vigorously growing plants are better hosts for insect herbivores, because they provide better food resources. Several subsequent studies examining these hypotheses have indicated that insect response varies with feeding guilds, plant species, stress regimes, plant ontogeny, and herbivore life stage (Koricheva et al. 1998 , Mody et al. 2009 ). However, White (2009) suggested that the probability of either the plant stress or plant vigor hypothesis being supported would depend on whether the insect preferred to feed on young actively growing plant tissue or old senescing tissues, with the plant vigor hypothesis supporting the former and the plant stress hypothesis explaining the latter.
Natural enemy inßuences may be manifested through changes in density and function, and there are many examples of successful biological control (see reviews in Hassell 1978 , Strong et al. 1984 , Hawkins et al. 1999 . The relative importance of plant quality and natural enemies on herbivore population dynamics has been widely investigated. These two factors interact to affect herbivore abundance and vary temporally and spatially (Hunter and Price 1992 , Hunter et al. 1997 , Forkner and Hunter 2000 , Gratton and Denno 2003 . Several studies have focused on the impact of nutrient effects through enhanced or re-duced fertilization (Cornelissen and Stiling 2005 , Denno et al. 2005 , Stiling and Moon 2005 or through water stress (White 1969 , Larsson 1989 , Flint et al. 1996 , Oswald and Brewer 1997 , Staley et al. 2006 . While these effects have been well studied in many plant-herbivore systems, few studies have evaluated the relative inßuence of plant quality and natural enemies on agricultural pests, and, to our knowledge, none on whiteßies in cotton.
The sweetpotato whiteßy, Bemisia tabaci (Gennadius) (Hemiptera: Aleyoridae) biotype B (ϭMiddle East-Asia Minor one group; Dinsdale et al. 2010 , DeBarro et al. 2011 ) is a sap-feeding pest attacking a wide range of crops in agricultural production systems of the southwestern United States (Watson et al. 1992, Butler and Henneberry 1993) . In cotton, B. tabaci leads to a reduction in quantity and quality of yield through stunting, sticky cotton, and associated development of sooty mold (Oliveira et al. 2001) . Variation in irrigation frequency affects plant quality, consequently affecting its suitability as a B. tabaci host (Hilje 2001) . For example, Flint et al. (1996) found 45Ð50% lower whiteßy densities in cotton that was irrigated weekly (unstressed) compared with that irrigated biweekly (stressed). Skinner (1996) found that oviposition rates were up to six times greater on cotton irrigated biweekly compared with weekly. These responses vary with host plant. In Cucumis melo (L.), there were no obvious differences in development rates between B. tabaci reared on stressed or unstressed plants (Isaacs et al. 1998 ), while Inbar et al. (2001) found a Ͼ50% reduction in whiteßy oviposition rates on stressed tomato plants compared with normally watered controls.
There is a wide diversity of natural enemies, particularly predators and parasitoids, in cotton in Arizona (Gerling and Naranjo 1998 , Hagler and Naranjo 1994 , Naranjo et al. 2003 . These natural enemies, particularly predators, play a crucial role in suppressing B. tabaci populations (Naranjo and Ellsworth 2005) , especially after the application of selective insecticides that reduce pest populations but have little to no effect on the natural enemies (Naranjo et al. 2003 (Naranjo et al. , 2004 Naranjo and Ellsworth 2009 ). Application of these selective insecticides within an integrated pest management (IPM) framework has led to season long suppression of this pest on cotton in excess of the residual activity of the insecticides. This continued season long suppression results from the action of conserved natural enemies and other natural forces and has been deÞned as bioresidual (Ellsworth and MartinezÐCarrillo 2001 , Naranjo 2001 , Naranjo and Ellsworth 2009 ).
However, the relative importance of plant quality and natural enemies to B. tabaci population dynamics and the potential for plant quality effects to mediate natural enemy densities has not been investigated in cotton. Here we used irrigation frequency and insecticide applications to simultaneously manipulate plant quality and natural enemy densities, respectively, to determine their relative contribution to B. tabaci population dynamics in this system. We sought to determine, 1) the comparative inßuence of plant quality and natural enemies on seasonal dynamics of B. tabaci and 2) the effects of plant quality mediated through irrigation on natural enemy densities.
Materials and Methods
Study Site and Treatment Allocation. Studies were conducted on the Demonstration Farm of the University of ArizonaÕs Maricopa Agricultural Center, Maricopa, AZ. Genuity Bollgard II with Roundup Ready Flex cotton varieties (Monsanto Company, St. Louis, MO) that confer resistance to lepidopteran insects and glyphosate herbicides were used each year. Cotton was planted on 22 April 2008, 16 April 2009, and 26 April 2010 with all crops grown according to standard agronomic practices for the area. In 2008, the experiment was laid out in a north to south direction with cotton borders planted east to west, while in 2009 and 2010, it was laid out in a west to east direction with borders running south to north. Because initial B. tabaci populations were low in prior years, Jumbo Hales Best Cantaloupe (Willhite Seed Inc., Poolville, TX) was planted together with the cotton to augment their populations. In 2009 and 2010, the cantaloupes were planted in four row strips located on the edges immediately outside (west and east) of the experimental test area. In 2008, a single four row strip ran immediately outside the north edge of the experimental area. In all years, similar cantaloupe strips were planted within adjacent cotton Þelds used for unrelated studies. Cantaloupes were irrigated at the same time as the cotton and were generally dried down 2 wk before establishment of the natural enemy treatments to allow whiteßies and natural enemies to move into the adjacent cotton. A randomized complete block, split-plot design was used in all years with irrigation regime as the whole plots and natural enemy manipulation as the sub-plots (Table 1) . In all years of the study we had three whole plots and two sub-plots replicated four times for a total of 24 plots. Irrigations were done at 20, 40, and 60% soil water depletion (SWD), imposing these irrigation differentials for the Þrst time in late June of each year with a maximum of 12, 8, and 6 irrigations for each regime, respectively ( Table 1) .
The different irrigation regimes used in this study reßect the range of irrigation management in which full season cotton can be grown at this site, with the 20 and 60% SWD reßecting the upper and lower boundaries for commercial production. Irrigation at 40% SWD represents the standard optimal regime (normally irrigated) for cotton at our study site and over the full season received on average 153 Ϯ 4.2 cm of water. This was supplemented with 1.5, 1.7, and 1.4 cm of rainfall in 2008, 2009, and 2010, respectively . The plants in the 20% SWD (well-irrigated) received more (191 Ϯ 5.6 cm) and 60% SWD (deÞcit-irrigated) received less water than required (114 Ϯ 7.3 cm) over the course of the season and the timing of these irrigations varied in each year (Table 1) .
Plant Responses.
Responses to varying irrigation regimes were determined using canopy temperature obtained using an infrared thermometer placed above the top most expanded leaves for 10 plants in each irrigation regime before each irrigation (Table 2 ). Height and number of nodes were also determined biweekly for Þve representative plants in randomly selected plots representing each irrigation treatment where natural enemy densities were unaltered, using the methods described in Silvertooth (2001) (Table  2 ). In addition, leaves from representative plots were harvested every 2 wk and analyzed for total leaf nitrogen, using the combustion method, by a commercial laboratory (Motzz Laboratory, Tempe, AZ) (Table 2).
Natural Enemy Manipulations. Natural enemy treatments were established by reducing their abundance in one of the sub plots within a whole plot (NEϪ), while leaving the other unaltered as a control (NEϩ). Natural enemies were reduced by spray application of acephate (O,S-Dimethyl acetylphosphoramidothioate). Acephate is a broad-spectrum insecticide regularly used to control plant bugs and has been shown to reduce natural enemies (predators and parasitoids), while having minimal to no effect on all stages of whiteßies on cotton (Ellsworth et al. 1998 , Fournier et al. 2008 . Acephate applications were initiated and terminated at different times each year (Table 1) . In all years, acephate applications were made at a full recommended rate of 1123 g active ingredient (AI)/ha with a ground sprayer every 2Ð3 wk to maintain low natural enemy densities. In 2010, in addition to acephate, we applied an acaricide, etoxa-
August at a rate of 80.5 g AI/ha to reduce mite outbreaks in plots receiving acephate sprays.
Whitefly Densities. The densities of all B. tabaci life stages were estimated weekly using methods described by Naranjo and Flint (1994, 1995) in which adults were counted on the underside of the Þfth main stem node leaf from the top of the plant. Egg and nymph densities were determined by counts made on a 3.88 cm 2 disk from Þfth main stem leaves using a dissecting microscope. Nymphs were categorized as either small (Þrst and second instars) or large (third and fourth instars). However, data on large nymphs is presented because it is the stage used in management decisions. Fifteen to 20 and 10 to 15 leaves were used to determine adult and immature (egg and nymph) densities, respectively, on each sample date. All density data were collected from the middle three to four rows and was collected weekly from mid July to early September in all years.
Natural Enemy Densities. Fifty sweeps in each plot were used to determine natural enemy densities using a 38 cm diameter sweep net. The sweeps were made on two separate but centrally located rows, with 25 sweeps in each row, and were collected weekly between mid July and early September. Collections were held in plastic bags, which were frozen before sorting in the laboratory using a dissecting microscope. In total, 19 taxa of arthropod predators were identiÞed, based on known morphological characteristics, and counted for each plot at each sampling date. Densities of both subimago and adult stages for each taxa, in each plot, were pooled for analysis.
Predator:Prey Ratios. Predator:prey ratios were measured by dividing the density of all predators (from 50 sweeps) on a particular sampling date by the sum of B. tabaci eggs, nymphs and adults per sample on the same date (Naranjo et al. 2004) . Lygus spp. and Pseudatomoscelis seriatus (Reuter) were excluded from the analysis, because they are primarily plant feeding taxa.
Yield. At the end of each growing season, seed cotton was machine picked in the middle four rows of each plot, bagged, and weighed. Grab samples were then randomly selected from each bag and ginned in a small-scale research gin. Lint and seed fractions derived were then weighed and lint turnouts calculated for each grab sample (plot). These turnouts were used to derive yield estimates, expressed as lint in kilograms per hectare, for each plot.
Statistical Analyses. A mixed-model repeated measures analysis of variance (ANOVA) (Littell et al. 1996) was used to determine effects of irrigation regime, natural enemy treatment, and their interaction on plant and B. tabaci density parameters. The block variable and its interaction terms were entered as random effects while sampling dates were entered as repeated measures. The KenwardÐRoger formula was used to calculate the corrected degrees of freedom for the type III F tests. The Þrst order heterogeneous autoregressive option (ARH1) was used to estimate the covariance structure of the repeated measures as it consistently maximized both AkaikeÕs information and SchwarzÕ Bayesian Criteria (Littell et al. 1996) . Insect response analyses were conducted separately for each year. SigniÞcant differences among or between main effects were examined using mean separations in the DIFF option of the LSMEANS statement while signiÞcant interaction terms were further analyzed, at each level of one of the main effects, using the SLICE option of the LSMEANS statement. A Bonferroni adjustment to the P values was used to determine signiÞcance at the alpha level (0.05). All densities were log transformed (ln) to meet normality and homogeneity of variance although untransformed means are presented. Plant response analyses were conducted with date within year as the random factor and sampling date as the repeated measure. Interactions between irrigation regime and year were analyzed within each year using the SLICE option of the LSMEANS statement. Treatment effects on yield were analyzed separately for each year using ANOVA with block as the random factor. All analyses were conducted in the PROC MIXED platform of SAS (SAS Institute, Cary, NC).
Further analyses to determine treatment effects on the predator community were carried out using a multivariate, redundancy analysis known as principal response curves (PRC) (Van den Brink and Ter Braak 1998, 1999) . PRC provides a means of estimating the response of a biological community to different stresses by looking at treatment effects relative to the untreated control, which in our case was the 40% SWD with natural enemies unaltered. The redundancy analyses were performed using CANOCO 4.5 (Ter Braak and Smilauer, 1998) . PRCs were constructed and differences in community composition because of all established treatments were determined for each year. Tests of signiÞcance were estimated by permutationbased F-tests and analyses were structured to contrast effects because of plant quality or natural enemy abundance.
Results

Plant
Responses. There was a signiÞcant effect of irrigation regimes on seasonal plant height (F ϭ 9.30; df ϭ 2, 12; P ϭ 0.0036) and number of nodes (F ϭ 5.25; df ϭ 2, 12; P ϭ 0.0230). The deÞcit-irrigated plants were signiÞcantly shorter than plants in the other irrigation regimes (Table 3 ). The number of nodes was signiÞcantly higher in the well-irrigated regime (20% SWD) compared with the other irrigation regimes. The higher number of nodes in the well-irrigated regime translated to a higher number of leaves and potential fruiting structures in this treatment compared with the normal (40% SWD) and deÞcit-irrigation (60% SWD) regime. There were also signiÞcant effects of irrigation regime on overall plant vigor indicated in height to node ratios (F ϭ 12.87; df ϭ 2, 12; P ϭ 0.001) with signiÞcantly higher ratios in the well and normally irrigated regimes compared with the deÞcit-irrigated regime (Table 3 ). In general, plant growth and canopy development was greatest in the well-irrigated and lowest in the deÞcit-irrigation regime. There were no signiÞcant effects of irrigation regime on canopy temperature or total leaf nitrogen (P Ͼ 0.05; Table 3 ).
Yield. In 2008, there were no signiÞcant effects of irrigation regime or natural enemy treatment (P Ͼ 0.05) on lint yield (Table 4 ). In 2009, there was a signiÞcant effect of irrigation regime (F ϭ 12.59; df ϭ Different letters within a column indicate signiÞcant differences among irrigation regimes (n ϭ 9). Different letters within a main effect and column indicate significant differences (P Ͻ 0.05) among treatments in each year.
2, 12; P ϭ 0.0011) but not natural enemy treatment (P Ͼ 0.05) on lint yields. Yields were signiÞcantly higher in the well-irrigated compared with either the normal or deÞcit-irrigated regimes (Table 4 ). In 2010, there was a signiÞcant effect of both irrigation regime (F ϭ 4.50; df ϭ 2, 9; P ϭ 0.0442) and natural enemy treatment (F ϭ 45.04; df ϭ 1, 9; P Ͻ 0.0001). Yields were higher in the normally irrigated regime compared with the other two irrigation regimes and yields were higher in the natural enemy control (Table 4) . There were no signiÞcant interactions between irrigation regime and natural enemy treatment on yields in any year (P Ͼ 0.05).
Whitefly Densities. 2008. Egg densities were significantly affected by natural enemy treatment (F ϭ 24.21; df ϭ 1, 20.3; P Ͻ 0.0001) and sampling date (F ϭ 33.48; df ϭ 7, 40.4; P Ͻ 0.0001). There was no significant effect of irrigation regime (P Ͼ 0.05). There were signiÞcant interactions only between sampling date and natural enemy treatment (F ϭ 15.87; df ϭ 7, 40.3; P Ͻ 0.0001), and sampling date and irrigation regime (F ϭ 3.36; df ϭ 14, 52.2; P ϭ 0.0007) but not between irrigation regime and natural enemy treatment (P Ͼ 0.05). Seasonal mean egg density was higher in the reduced natural enemy treatment compared with the control plots resulting from consistently higher densities in the reduced natural enemy treatment on multiple dates ( Fig. 1; Table 5 ). Irrigation effects were variable, with egg densities initially higher in the well and normally irrigated regimes compared with the deÞcit-irrigated regime, but reversed by the last sampling date ( Fig. 1 ; Table 5) .
Similarly large nymph densities were signiÞcantly affected by natural enemy treatment and sampling date (F ϭ 28.68; df ϭ 1, 8.86; P ϭ 0.0005 and F ϭ 49.94; df ϭ 7, 38.6; P Ͻ 0.0001) but not irrigation regime (P Ͼ 0.05) (Fig. 1 ). There were signiÞcant interactions only between irrigation regime and natural enemy treatment (F ϭ 4.78; df ϭ 2, 8.86; P ϭ 0.0390), and between irrigation regime and date (F ϭ 2.12; df ϭ 14, 49.8; P ϭ 0.0264) but not between irrigation regime and natural enemy treatment (P Ͼ 0.05). Seasonal mean densities were numerically higher in the reduced natural enemy treatment compared with the controls regardless of irrigation regimes, but signiÞcantly higher densities (F ϭ 32.0; df ϭ 1, 8.6; P ϭ 0.0004) were only observed in the deÞcit-irrigated regime with reduced natural enemies compared with its control. Higher densities were observed between the reduced natural enemy treatment and the controls on multiple dates ( Fig. 1 ; Table 5 ). DeÞcit-irrigated plants had signiÞcantly higher densities of large nymphs than the well-irrigated plants on only a single late-season date (Fig. 1) .
Adult densities were also signiÞcantly affected by natural enemy treatments and sampling date (F ϭ 85.47; df ϭ 1, 16.1; P Ͻ 0.0001 and F ϭ 40.59; df ϭ 7, 39.5; P Ͻ 0.0001, respectively) but not irrigation regime (P Ͼ 0.05). There were signiÞcant interactions only between sampling date and natural enemy treatments and between and sampling date and irrigation regime (F ϭ 5.28; df ϭ 7, 39.5; P ϭ 0.0003 and F ϭ 2.54; df ϭ 14, 51; P ϭ 0.0079, respectively) but not between irrigation regime and natural enemy treatment (P Ͼ 0.05). Seasonal mean densities were signiÞcantly higher in the reduced natural enemy treatments compared with the controls as a result of higher densities in this treatment on multiple dates ( Fig. 1; Table 5 ). SigniÞcantly higher adult densities were found in the well and normally irrigated plants on two July dates ( Fig. 1; Table 5 ).
2009. Egg densities were signiÞcantly affected by natural enemy treatment, irrigation regime and sampling date (F ϭ 72.03; df ϭ 1, 9.2; P Ͻ 0.0001, F ϭ 7.91; df ϭ 2, 6.25; P ϭ 0.0194 and F ϭ 5.87; df ϭ 6, 37.1; P ϭ 0.0002, respectively). There were signiÞcant interactions only between sampling date and natural enemy treatment (F ϭ 12.10; df ϭ 6, 37.1; P Ͻ 0.0001) but not between sampling date and irrigation regimes or between irrigation regimes and natural enemy treatments (P Ͼ 0.05). Seasonal mean densities were signiÞcantly higher in the reduced natural enemy treatment compared with the controls and densities were signiÞcantly lower in the well-irrigated regime compared with the normal and deÞcit-irrigated regime (P Ͻ 0.05) ( Fig. 2 ; Table 5 ). Egg densities were higher in the reduced natural enemy treatment on several dates (Fig. 2) .
Large nymph densities were signiÞcantly affected by natural enemy treatment and sampling date (F ϭ 60.3; df ϭ 1, 18.4; P Ͻ 0.0001 and F ϭ 12.4; df ϭ 6, 35.5 P Ͻ 0.0001, respectively) but not irrigation regime (P Ͼ 0.05). There were signiÞcant interactions only between sampling date and natural enemy treatment (F ϭ 7.21; df ϭ 6, 35.4; P Ͻ 0.0001) but not between sampling date and irrigation regime or irrigation regime and natural enemy treatment (P Ͼ 0.05). Seasonal mean densities were signiÞcantly higher in the reduced natural enemy treatment than the controls resulting from higher densities in the reduced natural enemy treatment on several dates ( Fig. 2 ; Table 5 ).
Adult densities were signiÞcantly affected by natural enemy treatments and sampling date (F ϭ 62.12; df ϭ 1, 17.7; P Ͻ 0.0001 and F ϭ 6.22; df ϭ 6, 34.2; P ϭ 0.0002, respectively) but not irrigation regime (P Ͼ 0.05; Fig. 2 ). There were signiÞcant interactions only between sampling date and natural enemy treatment and irrigation regime and natural enemy treatment (F ϭ 19.27; df ϭ 6, 34.2; P Ͻ 0.0001 and F ϭ 3.85; df ϭ 2, 17.7; P ϭ 0.0408, respectively) but not between sample date and irrigation regime (P Ͼ 0.05). Seasonal mean densities were signiÞcantly higher in the reduced natural enemy treatment compared with the controls resulting from higher densities on several dates in August ( Fig. 2; Table 5 ). Within the natural enemy reduced treatment, signiÞcantly higher densities were observed in the normally irrigated regime compared with the deÞcit-irrigated regime (F ϭ 2.33; df ϭ 2, 17.5; P ϭ 0.0321) while, in the natural enemy control, signiÞcantly higher densities were found in the deÞcit-irrigated compared with the well-irrigated regime (F ϭ 2.48; df ϭ 2, 17.5; P ϭ 0.0237; Fig. 2) .
2010. Egg densities were signiÞcantly affected by natural enemy treatment and sampling date (F ϭ 152.1; df ϭ 1, 19.7; P Ͻ 0.0001 and F ϭ 206.0; df ϭ 9, 51.9; P Ͻ 0.0001, respectively). There was no signiÞ-cant effect of irrigation regime. There were signiÞcant interactions only between sampling date and natural enemy treatment, and between sampling date and irrigation regime (F ϭ 32.2; df ϭ 9, 51.9; P Ͻ 0.0001 and F ϭ 8.57; df ϭ 18, 67.9; P Ͻ 0.0001, respectively) but not between irrigation regime and natural enemy treatment. Seasonal mean densities were signiÞcantly higher in the reduced natural enemy treatment compared with the controls (P Ͻ 0.05) as a result of higher densities in the reduced natural enemy treatment on multiple dates ( Fig. 3 ; Table 5 ). Densities were signiÞcantly higher (P Ͻ 0.05) in the normally irrigated plants compared with the well or deÞcit-irrigated plants on several dates ( Fig. 3 ; Table 5 ).
Large nymph densities were signiÞcantly affected by natural enemy treatments, irrigation regime and sampling date (F ϭ 98.97; df ϭ 1, 48.6; P Ͻ 0.0001, F ϭ 7.39; df ϭ 2, 12.4; P ϭ 0.0077 and F ϭ 184.71; df ϭ 9, 53.8; P Ͻ 0.0001, respectively). There were signiÞcant interactions between sampling date and natural enemy treatment, sampling date and irrigation regime, and between irrigation regime and natural enemy treatments (F ϭ 13.16; df ϭ 9, 53.8; P Ͻ 0.0001, F ϭ 3.10; df ϭ 18, 70; P ϭ 0.0004 and F ϭ 4.99, df ϭ 2, 48.6; P ϭ 0.0107, respectively). Seasonal mean densities were signiÞcantly higher in the reduced natural enemy treatment compared with the controls resulting from higher densities in the reduced natural enemy treatment on multiple dates ( Fig. 3; Table 5 ). SigniÞcantly higher densities of large nymphs were observed in the well-irrigated regime compared with the normal or deÞcit-irrigated regimes only for natural enemy control treatment resulting from higher densities in the well-irrigated plants on two July dates, and on the normally irrigated plants on a single date in August ( Fig. 3 ; Table 5 ).
Adult densities were signiÞcantly affected by natural enemy treatments and sampling date (F ϭ 139.8; df ϭ 1, 17.7; P Ͻ 0.0001 and F ϭ 141.3; df ϭ 9, 50.8; P Ͻ 0.0001, respectively) but not irrigation regime (P Ͼ 0.05). There were signiÞcant interactions only between sampling date and natural enemy treatment and between sampling date and irrigation regime (F ϭ 36.2; df ϭ 9, 50.8; P Ͻ 0.0001 and F ϭ 2.6; df ϭ 18, 67.1; P ϭ 0.0023, respectively) but not between irrigation regime and natural enemy treatment (P Ͼ 0.05). Seasonal mean densities were signiÞcantly higher in the reduced natural enemy treatment compared with the controls resulting from higher densities in the reduced natural enemy treatment on multiple dates ( Fig. 3 ; Table 5 ). Adult densities were signiÞcantly higher in the deÞcit-irrigated regime on 28 July but signiÞcantly higher in the normally irrigated regime on 20 August and 3 September ( Fig. 3 ; Table 5 ).
Natural Enemy Communities. In 2008, multivariate analysis using PRCs revealed overall signiÞcant effects of the treatments on predator density (F ϭ 20.679; P ϭ 0.004) from the Þrst axis of the redundancy analysis, which explained 46% of the variation. Only natural enemy effects were signiÞcant (P Ͻ 0.05) with higher densities found in the controls compared with the reduced natural enemy treatment on all but two dates during the season ( Fig. 4A ; Table 5 ).
In 2009, PRC showed overall signiÞcant effects of treatments on the density of predators (F ϭ 25.84; P ϭ 0.002) from the Þrst axis of the redundancy analysis, which explained 44% of the variation. Again, signiÞcantly higher densities were found only in the natural enemy controls on all but three dates ( Fig. 4B ; Table 5 ).
In 2010, PRC based on the Þrst axis of the redundancy analysis revealed overall signiÞcant effects of treatments on predator density (F ϭ 24.627; P ϭ 0.002), which explained 41% of the variation. SigniÞ-cantly higher natural enemy densities were found in the controls compared with the reduced natural enemy treatment on all but three dates ( Fig. 4C ; Table  5 ). Within irrigation regimes for the natural enemy controls, signiÞcant differences were observed between the well and deÞcit-irrigated regime (F ϭ 7.407; P ϭ 0.012). ϩ (4/6) ϩ (6/9)
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Numbers in parentheses denote dates of signiÞcant effects/all sample dates a Canopy temperatures and leaf N were ordered by magnitude of means for each parameter (from Table 3 ) but were not statistically signiÞcant (P Ͼ 0.05) where 1 ϭ highest mean and 3 ϭ lowest mean.
ϩ, signiÞcant increase compared with the other treatments (P Ͻ 0.05), Ϫ, signiÞcant decline compared with the other treatments (P Ͻ 0.05), 0 ϭ no signiÞcant difference compared with the other treatments (P Ͼ 0.05) and Ϯ indicates signiÞcant increase on some dates and signiÞcant declines on other dates compared with other treatments (P Ͻ 0.05).
The species weights indicate the strength of the response of each taxon to the observed pattern (Fig.  4) . The higher the value is, the closer the response of a given taxon reßects the pattern of the PRC with negative weights indicating an opposite pattern. Weights between Ϫ0.5 and 0.5 reßect a weak response unrelated to the observed PRC pattern (van den Brink and Ter Braak 1999) . In all years the PRC patterns were most representative of the sit-and-wait crab spider Misumenops celer (Hentz), Geocoris punctipes (Say), Orius tristicolor (White) , Zelus renardii (Kolenati), G. pallens (Stal), and Rhinacloa forticornis (Reuter).
Predator:Prey Ratios. In 2008, there was a signiÞcant effect of natural enemy treatment, sampling date and their interaction on predator:prey ratios (F ϭ 98.92; df ϭ 1, 18.6; P Ͻ 0.0001, F ϭ 12.72; df ϭ 6, 36.6; P Ͻ 0.0001 and F ϭ 6.35; df ϭ 6, 36.6; P ϭ 0.0001, respectively). Ratios were consistently higher in the natural enemy controls compared with the reduced natural enemy treatment resulting from higher ratios on multiple dates ( Fig. 5A ; Table 5 ).
In 2009, there was a signiÞcant effect of natural enemy treatment, irrigation regime, and sampling date on predator:prey ratios (F ϭ 88.3; df ϭ 1, 14.6; P Ͻ 0.0001, F ϭ 4.55; df ϭ 2, 14.6; P ϭ 0.029 and F ϭ 26.38; df ϭ 5, 30.5; P Ͻ 0.0001, respectively). Only sampling date interactions with irrigation regime and natural enemy treatment were signiÞcant (F ϭ 2.50; df ϭ 10, 38.4; P ϭ 0.0201 and F ϭ 18.76; df ϭ 5, 30.5; P Ͻ 0.0001, respectively). Ratios were signiÞcantly higher in the well-irrigated compared with the other irrigation regimes on a single date in August and higher in the natural enemy controls compared with the reduced natural enemy treatment on several mid-season dates ( Fig. 5B ; Table 5 ).
In 2010, there were only signiÞcant effects of natural enemy treatment, sampling date, and their interaction on predator:prey ratios (F ϭ 170.8; df ϭ 1, 10.3; P Ͻ 0.0001, F ϭ 328.8; df ϭ 8, 45.4; P Ͻ 0.0001 and F ϭ 25.5; df ϭ 8, 45.4; P Ͻ 0.0001, respectively). Ratios were signiÞcantly higher in natural enemy controls resulting from differences on multiple dates ( Fig. 5C ; Table 5 ).
Discussion
We used different irrigation regimes to vary plant quality using 20, 40, and 60% soil water depletion and manipulated natural enemies by reducing their densities using biweekly applications of a broad spectrum insecticide compared with unsprayed controls. The irrigation regimes used affected the characteristics and physiology of the plants, as indicated by differences in height, number of nodes and overall plant vigor, all of which potentially impact the quality of the plant relative to whiteßies (Hilje et al. 2001) . In cotton, plant height has an effect on B. tabaci densities (Chilcutt et al. 2005) , while number of nodes reßects potential total leaf number, total leaf area, and potential ßower numbers and fruiting sites, indirectly affecting densities of B. tabaci and its natural enemies.
We observed signiÞcant increases in whiteßy densities after the reduction of natural enemies, and these increases were consistent across all irrigation regimes in all years. When natural enemies were reduced, densities of all whiteßy stages were elevated twothirds of the time (Table 5 ) with densities increased two-to sixfold over controls. In contrast, plant quality effects imposed by differential irrigation were observed less than one-third of the time. This overall pattern is consistent with previous studies in cotton showing signiÞcant increases in whiteßy densities after application of the broad spectrum insecticide, acephate (Ellsworth et al. 1998) .
In general, the effects of plant quality on seasonal whiteßy population density were relatively minor and inconsistent in this study. Higher egg densities were only observed in the deÞcit-irrigated regime Ϸ8% of the time and lower egg densities were observed in the well irrigated regime only Ϸ15% of the time over the 3 yr (on 2 of 26 and 4 of 26 sampling dates, respectively; Table 5 ). Flint et al. (1996) also observed higher egg densities in cotton irrigated biweekly (more stressed; equivalent to 60% SWD used in this study) compared with that irrigated weekly (equivalent to 20% SWD of this study), even though they did not attempt to alter or measure natural enemy densities in their study. Adult densities were signiÞcantly depressed in the deÞcit-irrigated regime 19% of the time compared with the normally irrigated regime (on 5 of 26 sampling dates; Table 5 ). In contrast, no consistent trends emerged for large nymph densities in our study with respect to irrigation regime (Table 5) . Interactions between irrigation regimes and natural enemy manipulations were similarly rare indicating that the inßu-ence of either plant quality or natural enemies on densities seldom depended on the level of manipulation in the other factor. The year to year inconsistencies in our results, particularly with respect to plant quality effects on B. tabaci densities, could also be Asterisks (*) represent signiÞcant differences at each date (P Ͻ 0.05). Species weights indicate the strength of the response of each taxon relative to the observed trend. The product of the species weight and the canonical coefÞcient equals the natural log change in density of that taxon relative to the control (40% SWD NEϩ).
because of among year variation in environmental and crop management factors that affect the nature of the crop. For example, year to year variation in temperatures leads to variation in heat stress that, depending on the stage of growth when the crop experienced peak heat stress, could have affected the overall development of the crop. In addition, a different Þeld location was used in 2008 compared with the other years. This could have led to variations in residual soil nitrogen and therefore affected the cropÕs response to irrigation and could explain the particularly low yields observed in 2008. However, the fact that we observed consistent effects of natural enemy treatments on all B. tabaci stages, in every year, indicates the strong inßuence natural enemies have on B. tabaci dynamics.
Once released from biological control, especially after the second acephate application, both whiteßies and spider mites broke out later in the season. However, Naranjo et al. (2004) have shown that even a single early season acephate application is enough to produce season long suppression of natural enemies. The combination of whiteßy and spider mite outbreaks caused feedback effects on the plant resulting in further reductions in plant quality that were largely expressed in lower lint yields and premature plant defoliation. These effects were more severe in the deÞcit-irrigated regime probably because of the already poor physiological condition of these plants and their higher temperature. Water stress and high canopy temperature have previously been associated with spider mite outbreaks (EnglishÐLoeb 1989 (EnglishÐLoeb , 1990 . Here, these outbreaks resulted in a greater and more rapid decline in plant quality in the deÞcit-irrigation regimes. In addition, because whiteßies and spider mites occupy the same niche in cotton, outbreaks of both pests on the same leaves could have led to competition and/or affected the recruitment of predators that could have also had an unmeasured effect on plant quality. Lygus hesperus (Knight), the other key pest of cotton in Arizona, was also observed occurring at higher densities in the well-irrigated regime compared with the deÞcit-irrigated regime (Asiimwe 2011) . These differential L. hesperus densities could have affected fruiting patterns and consequently plant quality among irrigation regimes. All these factors, individually and collectively, somewhat confounded our assessment of plant quality effects in this study. In general, the patterns and trends in yield responses suggest that natural enemy effects are more consistent than those inßuenced by plant quality manipulations (see Table 4 ).
Several studies have evaluated the effects of different irrigation regimes on B. tabaci densities, without manipulating natural enemy densities (Mor 1983 (Mor , 1987 Mattson and Haack 1987; Flint et al. 1994 Flint et al. , 1996 Gencsoylu et al. 2003) , and have found higher densities on stressed plants, or plants receiving less than adequate amounts of water. However most of these studies did not account for the potential variation in leaf area on densities. The higher densities observed on stressed plants could have been because of a greater concentration of the population on a smaller resource. In our study, plant quality effects were generally uncommon and variable. These minor and inconsistent plant quality effects coupled with the much larger natural enemy effects means we cannot draw any conclusive evidence in support of either the plant stress or plant vigor hypothesis from this study.
In general, plant quality effects on predator densities and predator:prey ratios were rare (Ϸ5% of the time; Table 5 ) indicating minimal inßuence of plant quality in predator:prey dynamics. This is consistent with Þndings in Flint et al. (1994) who, except for N. alternatus (Parshley), found no signiÞcant differences in densities of 11 predator species between cotton plots irrigated weekly and biweekly. However, in 2010, we found signiÞcantly higher densities of predators in the well-irrigated regime compared with the deÞcit regime. This could have been a numerical response to increased prey densities reßected by higher large nymph densities, which are most susceptible to predation (Naranjo and Ellsworth 2005) , or to the presence of a different assemblage of prey items.
Although this study does not eliminate the possibility of a chemically induced increase in fecundity, we found that natural enemies are the dominant factor in regulating B. tabaci densities in cotton. We used an Ôinsecticide checkÕ method (DeBach 1946) to reduce natural enemies with the application of acephate, a broad-spectrum organophosphate. This method has been used in similar Þeld studies to investigate the role of predators in spider mite (Wilson et al. 1998 ) and aphid (Wilson et al. 1999 ) outbreaks in cotton. Although this method has been criticized (Morse and Zareh 1991, Morse 1998) , we found it to be particularly useful in reducing and keeping natural enemy densities low, hence allowing us to measure their relationship with B. tabaci abundance. Pesticide induced outbreaks of B. tabaci after application of broad spectrum insecticides have previously been shown in cotton (Eveleens 1983 , Dittrich et al. 1985 , Devine et al. 1998 . It has been hypothesized that these outbreaks are because of a reduction in natural enemies or stimulatory effects of insecticides on the crop and/or B. tabaci. We conducted cohort-based life table measurements on immature B. tabaci in these plots (Asiimwe 2011) and found major reductions in predation and overall natural enemy induced mortality during immature stages of B. tabaci after acephate applications, and these reductions were most pronounced mid to late season coinciding with the period when adult whiteßy densities reached outbreak levels. In addition, nutritional analysis of total leaf nitrogen on leaves harvested from both acephate sprayed and unsprayed plots showed no signiÞcant differences.
This study has conÞrmed the important role that natural enemies play in reducing densities of B. tabaci in cotton in Arizona (Naranjo et al. 2004 , Naranjo and Ellsworth 2005 , Naranjo and Ellsworth 2009 ). Most studies on the relative inßuence of plant quality and natural enemies have focused on manipulating available nutrients and predation pressure with relatively few studies simultaneously manipulating plant quality through available plant water, and natural enemies. Morris (1992) manipulated these factors and found that natural enemies were the predominant factor inßuencing densities of Aphis varians (Patch) on Þre-weed. Similarly, Hanks and Denno (1993) found that natural enemies had a greater impact than plant water status on densities of Pseudaulacaspis pentagona (Targioni) in Mulberry trees. Our Þndings are consistent with these studies. We have shown that regardless of irrigation regime, natural enemies remain an important component of the overall management strategy for B. tabaci in cotton. Natural enemies have a much greater inßuence on B. tabaci population dynamics than the plant-based factors investigated in this study.
